INTRODUCTION
============

Animal models play an important role in drug development and studies of molecular biological mechanisms. Historically, the coal tar-induced skin cancer model in rabbit triggered the development of a carcinogen-induced mouse model. Various animal models have been established as an evaluation tool for the prediction of carcinogens and investigation of carcinogenic mechanisms [@B001]. However, the approach of using chronic exposure to a carcinogen is timeintensive and expensive, thus limiting its application in drug development. Nevertheless, mouse models are still more attractive than big animal models because of the low cost, ease-of-handling and known genetic information [@B002]. More recently, a syngenic mouse model injected with murine cell lines has been developed [@B003]. The advantages of this model are reproducibility, ability to easily induce various tumor types, and immunocompetence. On the other hand, this model often shows a different response in comparison to the results from *in vitro* assays in human cancer cells. To overcome this disadvantage, the National Cancer Institute (NCI) used a method in which human cancer cells are injected into an immune-deficient mouse. A battery of xenograft models was developed from eight different NCI cancer cell lines (brain, colon, leukemia, lung, melanoma, ovarian, prostate and renal). In addition, various methods for generating mouse models have been established for the assessment of the efficacy and toxicity of new drugs. One model is the genetically engineered mouse model (GEMM), which is an advanced method for evaluating carcinogenesis mechanisms and drug resistance [@B004]. Immunocompetent mice are used for the GEMM model, similar to a syngenic model. So, this model allows the application of immune adjuvant development for cancer. Moreover, this model is useful for elucidating biological processes and investigating tumor cells and their microenvironment, but it is very expensive, heterogeneous and complicated. Additionally, tumor frequency, development and growth do not coincide in the GEMM model [@B004]-[@B007]. Many researchers have devised a strategy for preclinical evaluation to determine the therapeutic potential and to mimic the human tumor environment. In addition to the GEMM model, *in vivo* xenograft models use athymic nude mice and severe combined immune deficiency (SCID) mice for implantation of the human cancer cells or patient tumor tissue in translational research for clinical trials [@B008],[@B009]. In this review, the types and characteristics of the tumor xenograft models are focused towards use in the development of anticancer drugs.

***Ectopic tumor xenograft model*.** Generally, human cancer cells are subcutaneously injected into the hind leg or back of mice ([Fig. 1](#F0001){ref-type="fig"}A). In an ectopic tumor xenograft model (ectopic model), the transplanted site is different from the origin of the cultured cells. The ectopic model is the standard model of cancer used for validation and assessment in oncology studies. After establishment of cancer cell lines for anticancer screening in NCI, xenograft models derived from these cell lines were developed. Sixty cell lines derived from eight organs were used for establishment of xenograft models and information such as dou-bling time of tumor and tumorigenicity rate was reported [@B001]. In [Table 1](#T0001){ref-type="table"}, in human cancer cell lines, the reproducible take rate of the xenograft model was over 90%. For the evaluation of lead compounds obtained from an *in vitro* screening test, this model demonstrated that the same cancer cells can be useful and predictive, which is helpful for selection of an applicable cancer compound for translation to clinical trial.

![Various xenograft models. (A) Ectopic xenograft model. The cancer cells were subcutaneously injected into Balb/c nude mice. After approximately two weeks, the tumor was observed. (B) Orthotopic xenograft model. Human non-small cell lung cancer cells (A549 cells) were injected into the thoracic cavity of Balb/c nude mice. Tumor was observed by *in vivo* optical imaging. Isolated lung tissue was stained and observed by microscopy. (C) Metastasis model. Luciferase-expressing cancer cells were injected into the tail vein. Tumor was observed by *in vivo* optical imaging. (D) Patient-derived tumor xenograft model. Patient-derived tumor tissues were transplanted into the SCID mouse.](toxicr-30-1-g001){#F0001}

###### 

Human cell lines utilized for early-stage xenograft model

  ---------------------- ------------------------------- -----------------------------------------------------------------
  Tumor origin           Good cell culture line          Acceptable cell culture line
                                                         
  Colon                  SW-620, KM12, HCT-116, HCT-15   HCC-2998, DLD-1, KM20L2, COLO 205, HT29
  CNS                    SF-295, SNB-75, U251            
  Lung (Nonsmall cell)   NCI-H460, NCI-H522, NCI-H23     NCI-H322M, EKVX, HOP-92
  Lung (Small cell)      DMS273                          DMS114
  Mammary                ZR-75-1, MX-1                   UISO-BCA-1, MDA-MB-231, MCF-7, MCF-7/ADR-res, MDA-MB-435, MDA-N
  Melanoma               LOX-IMVI, SK-MEL-28             UACC-257, M14, SK-MEL-5
  Ovarian                OVCAR-5, SK-OV-3                OVCAR-3, OVCAR-4, IGROV1
  Prostate               PC-3                            DU-145
  Renal                  CAKI-1, RXF393                  RXF631, A498,SN12C
  ---------------------- ------------------------------- -----------------------------------------------------------------

The data were modified from Ref. (1).

CNS, Central nervous system.

Because an ectopic model can be used to monitor tumorigenicity and tumor growth easily, many researchers have utilized this model for evaluation of anticancer efficacy [@B010]-[@B012]. Tumor volume (V) is calculated from the largest length and the shortest length of the tumor (Equation1). From several parameters based on this data, anticancer activity can be evaluated. The ratio of treated group (T) to control group (C) (optimal % T/C), tumor growth delay and tumor regression were utilized [@B013]-[@B015]. Drug-related deaths (DRD) and body weight change as parameters of toxicity were determined. DRD was presumed animal deaths within 15 days, and over 20% loss of treated mouse body weight compared to control was considered an adverse effect.

![](toxicr-30-1-e001.jpg)

These parameters help to draw the lead compound from drug screening. Occasionally, drug response depending on cancer types could be compared without individual differences, because two types of cancer cells could be transplanted spontaneously into the same mouse and the two tumors can show differences in growth [@B016]. Furthermore, the ectopic model is very reproducible, homogenous, and amenable to use.

However, not all tumors can be used as an assessment tool because some tumors show necrosis during tumorigenicity and some tumors are not solid (unsubstantial). The immunosuppressed mice used for making animal models represent a different microenvironment than that of human cancer. Therefore, assessment of invasion and metastasis is limited in this model.

***Orthotopic tumor xenograft model*.** Alternative models for assessment of tumor sensitivity have been developed. The orthotopic tumor xenograft model (orthotopic model) is an advanced tool, but is based on a immunosuppressive murine microenvironment. In the orthotopic model, the human cancer cells are transplanted into the same origin site of the tumor. For instance, lung cancer cells were directly injected into the mouse lung for the orthotopic model ([Fig. 1](#F0001){ref-type="fig"}B). In this model, a well-trained expert with surgical skills is required to ensure reproducibility. The take rate of tumorigenicity is difficult to calculate because almost all tumors except melanoma are invisible to the naked eye. Moreover, orthotopic models are limited to measurement of tumor growth without sacrifice unlike subcutaneous ectopic models. To date, imaging is the chosen method to monitor the progression of growing tumors in orthotopic models. Currently, orthotopic models with cancer cell lines expressing fluorescence or luciferase are observed by optical imaging, computerized tomography (CT) or magnetic resonance imaging (MRI) [@B017]. To assess carcinogenesis and determine the tumor growth without sacrifice, expensive equipment is required, so the availability of this model is limited. Nevertheless, this model is clinically relevant to the patientlike progression process (e.g., invasion). According to the report of Ho and his colleagues, orthotopic tumors show faster early-stage tumor growth, angiogenesis and hyperpermeability of blood vessels compared to ectopic tumors [@B018]. In some cancer types, metastasis was also observed. For example, the orthotopic mammary fat pad tumor implant model is also a good model for breast cancer. In this model, spontaneous tumor metastases resemble the natural progression of human breast cancer [@B019]. Therefore, anticancer activity and metastasis inhibition could be evaluated in the same model. The metastasis model is described below in detail.

***Metastatic cancer model*.** Tumors that form locally by exposure to ultraviolet, ionizing radiation and carcinogens circulate within vessels and lymph nodes via invasion, causing metastasis (secondary cancer) at sites that are amenable to invasion. According to the seed and soil hypothesis of Paget, the primary cancer cell (seed) initiates metastasis in a suitable environment (soil) such as lung, liver, bone, lymph, and brain [@B020]. Recent research has spurred the development of metastasis inhibitors and preventive drugs based on studies of the mechanisms of metastasis, but there has not been a preclinical evaluation tool to define guidelines for approving a clinical trial.

For establishment of a metastasis model, various methods have been developed and there are two types of human xenograft models. First, in orthotopic transplantation, transplanted tumor cells give rise to the primary tumor, the tumor is removed, and then metastasis is observed. For example, WM239 melanoma cells were transplanted into severe combined immune deficiency (SCID) mice and the primary tumor was isolated after 4 weeks. Then, lung metastasis was observed [@B021]. The orthotopic model was made from prostate cancer cells (DU145), and the removed lymph node was cultured and isolated tumor cells were reinjected into mice to obtain a metastasis model [@B022]. Second, cancer cells were intravenously injected into nude ([Fig. 1](#F0001){ref-type="fig"}C) or SCID mice, where they circulated like cancer stem cells and triggered metastasis [@B023]. This model is generated faster than the former model. In the hybrid of the ectopic and orthotopic models, fluorescence-expressing HT- 29 cells (human colon cancer) are subcutaneously injected into the ectopic site and several pieces of HT-29 cellderived tumors are transplanted into the colon, and then metastasis is observed [@B024]. Generally, a metastasis model is more easily obtained in SCID mice than in nude mice. Because metastasis, as in the orthotopic model, is difficult to observe in appearance except in the case of skin cancer [@B025], genetically engineered cell lines (fluorescence [@B024] or luciferase-expressing cells [@B026]) were utilized and monitored using *in vivo* optical imaging. Frequently, this model is applied for theragnosis, which involves imaging by MRI or positron emission tomography (PET) [@B027] to simultaneously diagnose and determine the appropriate anti-cancer therapy. To date, the guidelines of using metastasis as an assessment tool for drug development have not been established. Further studies on reproducibility, mechanisms underlying metastasis, and markers are needed.

***Patient-derived tumor xenograft model*.** Xenograft models, despite their advantages, are limited in their ability to demonstrate how a cancer patient would respond to a particular treatment. The reliable prediction of drug response in a clinical trial is needed, and the current models are not sufficient. In an effort to address the shortcomings of these models, a patient-derived tumor xenograft (PDTX) was developed and utilized [@B028],[@B029]. Because PDTX involves transplanting cancer patient tissue directly into immunecompromised mice ([Fig. 1](#F0001){ref-type="fig"}D), genetic information and immunohistological markers are correlative to the patient and can be applied to evaluate new anticancer drugs [@B030] and personalized cancer therapies. The several advantages of PDTX can be summarized as follows: 1

However, the PDTX model has technical constraints, and is expensive and time-consuming. Most of all, freshly excised primary human tumors should be delivered from the operating room to the laboratory within several hours. Simultaneously, a sample of the primary human tumors should be examined by immunohistological analysis. Therefore, it is necessary to have cooperation among the surgeon, histologist and researcher. Then, the original primary human tumors can be compared with tumor tissues of the passaged tumorgraft. Moreover, approval of an institutional review board (IRB) is required because utilization of patientderived tumor tissue entails clinical and ethical considerations. Notwithstanding these efforts, the take rate of PDTX is about 25% [@B031]-[@B033], and establishment of PDTX takes about three months to the first passage (data not shown). As with xeno-organ transplantation, the first transplantation to SCID mice is required to escape acute immunorejection, and this is expensive. Additionally, the patient-derived tumor tissue volume is very limited, so the population number of PDTX should be increased via tumor tissue passage.Simultaneously, each passage of tumor tissues should be analyzed histopathologically and compared with the original tissue. From the second passage, nude mice can be utilized. The pieces of tumor tissues can be frozen and preserved in liquid nitrogen.

Despite these hurdles, the established PDTX model is available for validation of anticancer drug sensitivity and prediction of patient prognosis. PDTX is certainly an extremely promising model for personalized cancer therapy. Accordingly, global research centers are concerned with establishing a resource bank of PDTX. For the last decade, the PDTX model has been developing rapidly. This model is a promising tool for development of anticancer drugs and predictive biomarkers.

CONCLUSION
==========

As shown in [Fig. 1](#F0001){ref-type="fig"}, various xenograft models have been developed and applied for preclinical assessment. Most *in vivo* animal models are imperfect in the extrapolation of human cancer. Species differences, tumor environment and immune responses are problems awaiting solutions. Nevertheless, these xenograft models are indispensable for validating the efficacy and toxicity of lead compounds for translation to clinical trials. In this review, we describe the characteristics, advantages, weaknesses and availability for the drug development process. Development and standardization of animal models can increase the predictability of the anticancer drug response and be utilized as a good tool for preclinical assessment of anticancer drugs.
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